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Shapiro time delay is one of the fundamental tests of general relativity. To date all measurements
of time delay have been conducted on astronomical scales. It was asserted in 2010 that gravitational
wave detectors on Earth could be used to measure Shapiro delay on a terrestrial scale via massive
rotating systems. Building on that work, we consider how measurements of Shapiro delay can be
made using next-generation gravitational wave detectors. We perform an analysis for measuring
Shapiro delay with the next-generation gravitational wave detector Cosmic Explorer to determine
how precisely the effect can be measured. Using a rotating mass unit design, we find that Cosmic
Explorer can measure the Shapiro delay signal with an amplitude signal to noise ratio (SNR) up
to ∼ 37 in 1 year of integration time. By measuring Shapiro delay with this technique, Cosmic
Explorer will allow for terrestrial measurements of γ in the paramaterized post-Newtonian formalism
of gravity with precision of < 1%.
I. INTRODUCTION
The general theory of relativity suggests a number of
observable properties as a consequence of the equivalence
principle and spacetime curvature[1]. Improved tests for
general relativity continue to be sought in physics to in-
crease the measurement precision and repertoire for test-
ing the theory[2].
One of the long-known tests of these properties lies in
measuring the time delay of light as it passes close to
massive objects, as first described by Irwin Shapiro in
1964[3]. Shapiro proposed using a radar pulse directed
at a planet near the Sun and measuring the delay in
the travel time to and from the planet as a result of the
presence of the Sun. The one-way time delay for this
experiment as predicted by general relativity is given by
δt =
2GM
c3
ln (
4r1r2
d2
) (1)
where G is Newton’s gravitational constant, M is the
mass of the Sun, c is the speed of light, r1 and r2 are
the orbital radii of the Earth and the target planet, re-
spectively, and d is the closest distance the light pulse
approaches to the center of the Sun. In Shapiro’s orig-
inal formulation there are a number of practical uncer-
tainties in obtaining an exact answer due to initial condi-
tions such as the planetary speeds and locations[4]. For
planets in the solar system, however, the time delay is
substantial, on the order of 10−4 seconds[3].
In the weak field limit, alternative gravity theories can
be characterized by the parameterized post-Newtonian
(PPN) formalism as deviations from Newtonian gravity
[1]. The γ parameter in the PPN formalism, which is
related to spacetime curvature produced by a unit mass,
can be determined through Shapiro delay measurements.
The generalized formulation for Shapiro time delay in the
PPN formalism for any metric theory is given by
δt = (1 + γ)
GM
c3
ln (
4r1r2
d2
) (2)
In general relativity, specifically, γ = 1. A num-
ber of experiments and observations have placed limits
on the value of γ including observations of planetary
echos[5], the Viking relativity experiment[6], measure-
ments of Shapiro delay from quasars due to the pres-
ence of Jupiter[7, 8], lunar laser ranging experiments[9],
and observations of Mercury’s perihelion orbit[10]. The
Cassini spacecraft has made the most precise measure-
ment of γ to date, with (1 − γ) = (2.1 ± 2.3) × 10−5,
which is in agreement with the predictions of general
relativity[11].
All measurements of Shapiro time delay and γ to date
have been made on astronomical scales. In 2010, Ballmer
et al. proposed a method for measuring Shapiro time
delay on a terrestrial scale using an Advanced LIGO
(aLIGO)[12] gravitational wave (GW) detector, which
could be accomplished by installing a rotating mass unit
(RMU) to modulate the gravitational potential along one
arm[13]. By building up a periodic change in the curva-
ture of spacetime, delays on the order of 10−32 seconds
produced by an RMU with 104 kg masses were shown to
be measurable with an amplitude SNR of ∼ 8.7 over an
integration time of 1 year.
In 2015, aLIGO began its first observing run [14–
16] and currently several future interferometric GW de-
tectors are proposed for 2030-2050 [17–24]. Proposed
detectors in the design stage include Cosmic Explorer
(CE)[22, 23], the Einstein Telescope (ET)[20, 21], and
space based detector LISA[24]. New detectors with sub-
stantially better sensitivity will improve the prospect of
measuring GW signals and gravitational effects including
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2Shapiro delay[25] with greater precision.
In this paper, we revisit the previous work
on measuring Shapiro delay with RMUs and laser
interferometers[13, 26, 27] and investigate the possible
improvements of the next-generation gravitational wave
detector CE[22, 23]. In Section II, we present the princi-
ples behind interferometric gravitational wave detectors
and their sensitivities, specifically that of CE. In Sec-
tion III, we explain the suggested RMU and summarize
our choice of rotor geometries. In Section IV, we detail
the expected time delay signal from the RMU and com-
pare the signal to the sensitivity of CE. In Section V, we
discuss the our results and the precision of the measure-
ments we expect to make with this experiment. Finally
in Section VI, we consider the implications of Shapiro
delay measurements with CE within the context of mak-
ing higher precision terrestrial measurements of general
relativity and conclude.
II. LONG-ARM INTERFEROMETRIC
MEASUREMENT PRINCIPLES
Long-arm interferometers operate by making measure-
ments of differences in the length of the interferometer
laser arms, making them ideal for measuring GWs, which
change the spatial distances during propagation in the
weak field limit. GW observation functions via measur-
ing the differential change in the lengths of the arms of
a Michelson-type interferometer as a result of a passing
GW[28]. Figure 1 depicts the basic design concept of a
laser interferometer for GW detection, including the loca-
tion of the proposed RMU to be discussed in Section III.
Laser interferometers serve to achieve sensitivities capa-
ble of detecting GWs on Earth with dimensionless strains
on the order of 10−21 and smaller[28].
Interferometric GW detector technology has contin-
ually improved in sensitivity over the last 15 years,
through observing runs in a variety of GW detec-
tectors including first generation detectors TAMA[29],
LIGO[30], Virgo[31], and GEO600[32], and second
generation detectors aLIGO[12] and Advanced Virgo
(AdVirgo)[33]. A new detector KAGRA[34, 35] has be-
gun operation in 2020 and LIGO-India[36] is expected
to be operating in the near future. aLIGO began opera-
tion in 2015, demonstrating substantial improvements in
noise floor and frequency reach over initial LIGO [12, 30]
due to improved measurement techniques. Shortly into
its first observing run, the aLIGO gravitational wave de-
tectors proved sensitive enough to detect the first grav-
itational wave transient ever recorded, from the inspiral
and merger of two black holes[37].
CE is the next generation successor to aLIGO in the
search for gravitational waves, with much improved sensi-
tivity over aLIGO[22, 23]. CE utilizes a similar Michelson
interferometer design shown in Figure 1, including Fabry-
Perot cavities and signal recycling mechanisms that in-
crease sensitivity. CE will have arm cavities that are
FIG. 1. A diagram of a simplified Michelson interferometer
design with test masses (TM) for GW detection, including
the location of the proposed RMU in the center of one of the
interferometer arms.
40 km in length, a factor of 10 greater than the length
of aLIGO’s arm cavities at 4 km. In addition to cavity
length, CE is expected to employ a number of techniques
to reduce noise, including increased mirror reflectivity,
increased laser power, and increased test mass[22, 23].
At the low frequency limits, CE will likely be limited
by Newtonian gravity gradient and seismic noise[22],
while exhibiting greater sensitivity in that range than
aLIGO[22]. Figure 2 shows the sensitivity curves for CE,
including the sensitivity curve of aLIGO for reference.
CE will develop in two stages: CE1 (2030s) and CE2
(2040s), where CE2 will be its design sensitivity[23]. For
this study we adopt the sensitivity curve of CE2.
FIG. 2. The proposed one-sided strain noise amplitude den-
sity curve for both stages of the CE GW observatory[22, 23],
with CE1 in orange and CE2 in green. The sensitivity curve
for aLIGO[12] at design sensitivity is included in blue.
3III. ROTATING MASS UNIT
Interferometric GW measurement is sensitive to time-
varying signals. Therefore, in order for the Shapiro time
delay to be measured, the delay must be modulated[13].
A RMU provides a way to modulate the Shapiro delay
because the rotation allows for a periodic change in the
mass density that produces a phase-coherent signal in the
interferometer data stream.
The proposed RMU would operate as follows: a bar
structure suspended by its middle with masses concen-
trated at the ends of the bar would be placed alongside
the center of one of the GW detector arms and rotate in
the plane perpendicular to the laser beam, as described
in [13]. As the assembly rotates, the curvature of space-
time through which the laser beam passes changes due to
variation in the distance to the masses, thus producing
Shapiro delay. To improve precision, an array of multi-
ple RMUs symmetrically arranged alongside the center of
one of the GW detector arms may be used. The RMU’s
rotation would be constantly monitored, ensuring that
the data analysis of the Shapiro delay can be done with
excellent phase-coherence and precision over long periods
of time.
In the Ballmer et al. analysis [13], a symmetric RMU
with end masses of 1.5× 104 kg each 1.5 meters from the
axis of rotation was used. In order for the primary har-
monic to be in a sensitive frequency range, Ballmer et al.
chose the spin frequency of the RMU to be 25 Hz. Those
parameters required the system to sustain 6 × 108 N of
centripetal force. To achieve this, the proposed structure
was made up of steel weight test masses supported by an
arm structure wrapped in a carbon fiber frame. Figure 3
shows a sketch of Ballmer et al.’s RMU design.
FIG. 3. A sketch of the RMU proposed by Ballmer et al.
[13]. Each dimension is measured in centimeters. The circle
to the left of the rotating mass represents the interferometer
laser beam, placed 30 centimeters from the closest point of the
mass. We adopt the same design and structure, but vary the
steel mass size to either reduce the expense or maximize the
scientific output of such a device. Figure taken from Ballmer
et al. Figure 3 [13].
We consider whether a symmetric RMU (i.e. one where
the center of mass is located at the center of the bar) is
the optimal geometry for measuring the Shapiro delay.
The time delay is proportional to a line integral of the
Newtonian potential U . The Newtonian potential be-
haves ∝ Mr , where M is the mass generating the gravi-
tational field and r is the distance from the mass to the
point of interest. For an asymmetric rotor system, the
ratio of arm lengths of the rotor would need to be propor-
tional to the inverse ratio of the end masses to maintain a
stable axis of rotation (i.e. the smaller mass’s minimum
distance to the interferometer laser beam is closer than
the larger mass’s minimum distance).
With the constant constraints of minimum distance to
beam, total mass, and total length of the rotor; when
compared with the symmetric masses, the maximal con-
tribution from the smaller mass reduces by the factor
of the mass ratio since its minimum distance to beam
doesn’t change. However the maximal contribution from
the large mass doesn’t increase by the same factor since
its minimum distance will be farther. Hence we expect
the symmetric design to produce the highest SNR, so we
adopt the symmetric geometry like the previous rotating
mass system [13].
For our analysis, we propose three possible RMU mod-
els using the symmetric geometry described above: an
advanced science model, the Ballmer et al. model, and
a cost conscious model. We label these three models A,
B, and C for convenience. All three models are 3.0 me-
ters in length[13]. The distance of closest approach to
the laser beam remains at 30 cm as depicted by Figure
3. We design model A to have end masses of 2.5×104 kg
and rotate at a frequency of a 25 Hz to most effectively
induce detection. To account for the greater steel mass in
model A, we propose extending the width of the rotor in
the direction parallel to the laser beam to satisfy size con-
straints. Model B is the exact one described above with
1.5 × 104 kg steel weight end masses, rotating at a fre-
quency of 25 Hz. Model C possesses end masses of 6500
kg and rotates at a lower frequency at 15 Hz, requiring
substantially less energy to be stored in the heavy rotat-
ing masses, and therefore decreasing material strength
and cost requirements. A lower rotational frequency and
mass better ensure the safety of operation. Additionally,
the relative flatness of the CE noise curve from 20 Hz to
about 500 Hz allows for a signal to be measured whose
primary harmonic is below 50 Hz.
One constraint to consider in calculating the Shapiro
delay is the gravitational coupling attraction between the
RMU and the test masses at the end of the laser arm.
This acceleration, however, behaves ∝ L−6, where L is
the length of the the interferometer arm cavity. Solving
for the position of the interferometer test mass as a func-
tion of time, we obtain the amplitude of oscillation for
each of the three spatial degrees of freedom. The ampli-
tude of oscillation in the axis along the laser pathway dz
4is as follows:
dz =
6
√
8GMl2(d+ l)2
L6(ω2r − 4ω2)
(3)
where M is the RMU end mass, d is the closest distance
the RMU end mass approaches to the interferometer laser
beam, l is half the length of the RMU, ωr is the angular
resonance frequency of the test mass, and ω is the an-
gular frequency of the RMU. The frequencies chosen for
all 3 models exceed the greatest resonance frequency for
aLIGO, making the (ω2r − 4ω2)−1 factor no greater than
order ∼ 1, since the resonance frequencies for CE will be
even lower. The dz coupling can be neglected for CE, as
L is 40, 000 m, making the effect on the order of a Planck
length. In the directions perpendicular to the laser path
(i.e. dx and dy), the coupling behaves ∝ L−5; however,
this coupling has a negligible effect on the motion of the
test mass in the direction of the laser arm.
IV. SIGNAL ANALYSIS
The time delay of a light signal passing near a massive
object is given by
δt =
∫
(1 + γ)Uds (4)
in the weak field limit[1] where the integral is over the
signal path and U is the Newtonian potential scaled with
the reciprocal of the cube of speed of light
U =
N∑
i=1
GMi
c3ri
(5)
for N masses, where c is the speed of light and ri is the
distance to each mass Mi. For this arrangement of one
RMU, it corresponds to the distance from the interferom-
eter’s laser beam to the masses at the ends of the rotor,
and N = 2. To produce a signal with a larger ampli-
tude one can determine the potential for an arrangement
of multiple RMUs. For this principle study we calculate
the signals produced by one RMU.
To evaluate the time delay, we simplify the geome-
try of each RMU for our calculations, assuming the end
masses to be point masses and the support systems hold-
ing them up to have negligible mass for this proof of
concept demonstration (Ballmer et al. do not make this
assumption in their paper, leading to a difference in SNR
of about 10% from what we report here). As previously
mentioned, we require all RMU models to be 3.0 meters
in length and the minimum distance between the RMU
and the laser beam to be 30 centimeters. By evaluating
the integral in Equation (4) for each of our three mod-
els, we obtain the Shapiro time delay as a function of
time. Time delays for our three models are shown in
Figure 4, with variations on the order of 10−31 seconds
for models A and B, and 10−32 seconds for model C. This
corresponds to an optical distance change on the order
of 10−23 meters for all three models, displacements that
CE will have the capability to measure.
FIG. 4. The time delay as a function of time for all mod-
els over 67 milliseconds, the period of rotation for model C.
Models A and B rotate at 25 Hz and model C rotates at 15
Hz.
Having calculated the Shapiro delay signal for each
RMU model using Equation (4), we calculate a total SNR
over 1 year for the three models with the proposed noise
curve for CE by using matched filtering and assuming
our signals are periodic, so that their Fourier transforms
have impulses. We also find the SNRs for the individual
Fourier components of each signal. We quote 1 year of
integration time results as a basis since SNR grows pro-
portionally to the square root of time. (See [38] for note
on long data taking). Our results are listed in Table I.
As Table I indicates, we find that the total SNR for 1
year of integration time to be 37 for model A. Addition-
ally, model B yields an SNR of 22, and model C yields an
SNR of 9.1. For model A, the fundamental frequency at
50 Hz is observable with an SNR of 34, while the second
and third harmonics have SNRs of 12 and 5.5 (including
both the positive and negative frequency components),
respectively, over 1 year of integration time. For the sig-
nal produced by model B, the SNR for the fundamental
frequency is 20; second and third harmonics have SNRs
of 7.1 and 3.3 respectively for 1 year of integration time.
Model C generates a signal whose fundamental frequency
will be observable with an SNR of 8.4, and second har-
monic with an SNR of 3.1 in 1 year of integration time.
5Model A B C
End Mass (kg) 2.5× 104 1.5× 104 6.5× 103
Rotational Frequency (Hz) 25 25 15
Total SNR 37 22 9.1
Primary Harmonic SNR 34 20 8.4
Secondary Harmonic SNR 12 7.1 3.1
TABLE I. The 1 year total SNR and SNRs for the primary and secondary harmonic for each of the three models. We include
the end mass and rotational frequency of each RMU model for referential convenience.
We show the Fourier series coefficients of each model’s
signal and compare them to the CE sensitivity curve for
1 year of integration time in Figure 5. Note that model C
has Fourier series coefficients at different frequencies than
the other two models because it oscillates at 15 Hz rather
than 25 Hz, making the Fourier components multiples of
30 Hz rather than 50 Hz (the factor of 2 comes from the
mass symmetry).
FIG. 5. The Fourier series coefficients of the Shapiro delay
signal converted to the equivalent light path displacement as
a result of the delay produced by each of the three RMU
models. The black solid line is the noise amplitude curve for
CE2 at design sensitivity for 1 year of integration time.
V. DISCUSSION
The prior analysis showed that aLIGO has has the ca-
pability to probe Shapiro delay on a terrestrial level; how-
ever, a rotor with 1.5×104 kg end masses would only yield
an SNR of 9.5 in 1 year of integration time (making the
point mass assumption). Observing the Shapiro delay
with that SNR would allow for a measurement of γ with
∼ ±25% precision for one standard deviation[13].
Results for our three RMU models demonstrate the
new experimental gravity test that can be feasibly
achieved with CE. Our model A with 2.5 × 104 kg end
masses produces a Shapiro delay with a total SNR over
∼ 37 in 1 year, substantially better than the scenario
considered by Ballmer et al. By directly comparing the
signal results produced by the model B to the results from
Ballmer et al., we find that the CE interferometer yields
vastly superior measurement capabilities to aLIGO, as
CE will measure a total SNR of ∼ 22 rather than ∼ 9.5
in 1 year of integration time, ∼ 2.3 times larger.
Model C possesses the most conservatively sized
masses: less than half of that of the rotor system 1.5×104
used in the Ballmer et al. calculation, and still produces
a signal with an SNR of 9.1. This would achieve a similar
level of precision expected by Ballmer et al. in 1 year of
integration time, but, because of CE’s advanced sensitiv-
ity, will cost less material and energy to operate and im-
prove measurement precision as the integration time in-
creases. Additionally, our results for the low cost model
demonstrate that the rotor can operate at a lower fre-
quency and still produce appreciable results. Because
of CE’s flat noise curve from 30 Hz onward, utilizing an
RMU that rotates at a lower frequency would be feasible.
Assuming Gaussian distributed noise, the delay mea-
surements are expected to yield a Gaussian distributed
measurement of (1+γ) with the mean squared to variance
ratio being equal to the square of the expected amplitude
SNR. Thus we can obtain an expected precision for our
measurements with the determined SNRs. With model
B, the model used in Ballmer et al., CE can obtain a
measurement of the Shapiro delay with up to ± ∼ 4.5%
precision and γ with up to ± ∼ 9% precision. Using our
advanced science model A, we expect to achieve measure-
ments of γ with a precision up to ±5% with just 1 year
of observation. Precision also increases with time[38],
so over longer times and with the use of multiple syn-
chronized RMUs, this technique can achieve sub-percent
precision measurements. An arrangement of three syn-
chronized model A RMUs can measure γ with precision
under ±1% in 10 years.
VI. CONCLUSION
We presented an analysis that details the use an RMU
with the next-generation GW detector CE to measure
Shapiro delay. Despite all prior Shapiro delay measure-
ments being space based experiments, we show that RMU
models are capable of generating a substantial Shapiro
6delay signals measurable on Earth using CE. As detailed
in our discussion, our RMU produces a signal with an ap-
preciable SNR in 1 year of observation with CE. This cor-
responds to the most precise proposed Earth-based mea-
surement scheme of γ to date with a noticeable increase
in the measurement precision achievable with aLIGO, as
CE can measure γ with up to ± ∼ 5% precision in just
1 year with the installation of one RMU.
This technique has its limitations, as it does not yet
approach the level of precision achieved by longer range,
space-based experiments such as that of the Cassini
spacecraft, which achieved a precision of ∼ 0.005% in
6 years of observation[11]. In 6 years of observation time
with CE and one RMU, this technique would yield a pre-
cision of ±2%. An array of synchronized RMUs, how-
ever, would increase the precision, achieving sub-percent
measurements within a decade. Applying this analysis to
ET will further this study. Nevertheless, CE promises to
be capable of probing exciting gravity science including
precise measurements of Shapiro delay and γ on Earth.
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